Steviol is the aglycone of stevioside, a non-caloric sugar substitute commonly used in Japan. Steviol strongly induces mutations at the guanine phosphoribosyltransferase gene (gpt) of Salmonella typhimurium TM677 when the metabolic activation system (S9 mix) is present However, it is completely negative in the reverse mutation assays using Escherichia coli WP2 uvM/pKMlOl or S.typhimurium TA strains. In order to characterize the mutations induced by metabolically-activated steviol, the chromosomal gpt alleles of 24 induced (ST clones) and 16 spontaneous mutants (SP clones) of S.typhimurium TM677 were sequenced and the mutation spectra were compared. About 40% of the mutations of ST clones (nine out of 24) were localized in the region between nucleotides 280 and 330 from the starting codon ATG, whereas no mutations of SP clones were found in that region. The mutations identified in the region included transitions (three clones), transversions (four clones), a duplication and a deletion. There were no other marked differences between ST and SP clones: basechange mutations were dominant over frameshifts and deletions (ST clones, 20 versus three; SP clones, 16 versus two) and base change mutations occurred more frequently at G:C pairs rather than at A:T pairs (ST clones, 15 versus five; SP clones, 12 versus four). The possibility that metabolically-activated steviol gives pause to DNA synthesis around nucleotide 280, thereby stimulating the duplication, deletion and untargeted mutagenesis in the defined region of the gpt gene is discussed.
Introduction
Stevioside is a non-calorific sugar substitute commonly used in Japan. The mutagenicity of stevioside has been extensively studied and no mutagenic activity of stevioside has been reported (Sakai et al, 1980; Kawachi et al., 1980; Medon et ai, 1982; Matsui et al., 1996) . It appears, however, that stevioside is converted to its aglycone, steviol, by intestinal bacteria (Wingard et al., 1980; Nakayama etai, 1986) . Pezzuto et al. (1985 Pezzuto et al. ( , 1986 have demonstrated that steviol strongly induces mutations at the guanine phosphoribosyl transferase gene (gpt) of Salmonella typhimurium TM677 in the presence of a metabolic activation system (S9 mix). In the accompanying paper, we confirm the mutagenicity of steviol in S.typhimurium TM677 and further reveal that steviol is mutagenic and clastogenic in Chinese hamster lung (CHL) cells in vitro when S9 mix is present (Matsui et al., 1996) .
During the genotoxicity testing of stevioi, we found that steviol is not mutagenic in S.typhimurium TA100, TA98, TA1535, TA1537, TA102, TA104 or Escherichia coli WP2 © UK Environmental Mutagen Society/Oxford University Press 1996 wvM/pKMlOl even when S9 mix is present (Matsui et at, 1996) . This was unexpected because steviol is strongly mutagenic in S.typhimurium TM677, which is a His" 1 " revertant of S.typhimurium TA100, and most mutagens that are active in the forward mutation assay are also active in the Ames reversion assay (Skopek et al., 1978a,b) . These results led us to suggest an unique mechanism for mutations induced by metabolically-activated steviol. For example, steviol might selectively induce deletions, insertions or DNA rearrangements, which are not detectable by the reverse mutation assays. Or steviol might induce mutations in certain specific DNA sequences such as palindoromic or direct-repeat DNA sequences in the gpt gene.
In order to characterize the gpt mutations induced by metabolically-activated steviol, we sequenced the chromosomal gpt alleles of induced and spontaneous mutants of S.typhimurium TM677. The comparison of the mutation spectra indicated that steviol predominantly induced mutations at a defined region of 50 base pairs (bp) downstream from a putative pausing site of DNA synthesis. The possibility that active metabolite(s) of steviol gives pause to DNA synthesis, thereby stimulating duplication, deletion and untargeted mutagenesis in the denned region of gpt gene is discussed.
Materials and methods

Bacterial strains and plasmid
All bacterial strains and plasmids used in this study are described in Table I .
Chemicals
Steviol was kindly provided by Maruzen Kasai Ltd, Hiroshima, Japan. The purity was 99.0% as judged by high performance liquid chromatography analysis. 8-Azaguanine (8-AG) was purchased from Sigma Chemical Company (St Louis, MI, USA).
Media LB broth and LB agar plates were used for routine bacteria] culture and supplemented, when necessary, with 50 mg/ml of ampicillin for plasmid selection and maintenance. Vogel-Bonner agar plates containing glucose (0.2*), proline (0.002%) and 8-AG (25 ug/ml) were used for the selection of apt mutants of S.typhimurium TM677.
Cloning of the gpt gene of S.typhimurium
Cloning of the gpt gene was carried out as follows: briefly, a gene library of S.typhimurium TA1538 was constructed by ligating SauIIIAl partially-digested genomic DNA (-10 kb) with BamHI-digested pBR322 plasmid (Watanabe et al. 1987) Salmonella typhimurium AB47(proAB~, gpr) was transformed with the library DNA and the ampicillin resistant (Ap r ) colonies that were Pro* were selected. The transformants were then streaked on minimal agar plates containing 8-AG (25 u.g/ml) in order to select the transformants that showed high sensitivities to 8-AG. The plasmid DNAs were isolated and the plasmids whose restriction maps were similar to that of chromosome DNA around the gpt gene of S.typhimurium Riley et ai, 1984) v.ere selected. A 3.4 kb Pul-Pstl insert DNA containing the gpt gene was subcloned into /"jd-digested pBR322 and the resulting plasmid was named pYG3012 ( Figure 1A) . A 1.2 kb Pst\-Hinc\\ DNA fragment of pYG3012, which contained the coding region of gpt. was further subcloned into PuI-Wi/icII-digested pBR322 and the resulting plasmid was termed pYG3O13 ( Figure IB) .
DNA sequence analysis of the gpt gene of S.typhimurium
The 1.2 kb Pst\-Hinc\\ insert DNA of plasmid pYG3012 was also subcloned into Smal-Ps/I-digested or Pj/I-EcoRV-digested Bluescript KS-plasmids and the resulting plasmids were termed pYG3014 and pYG3O15 respectively. pYG3O15 was digested with Kpn\ and Windlll, and 38 deletion derivatives were generated according to the exonuclease Ill-mung bean nuclease digesuon protocol from Stratagene (La Jolla. CA. USA). The sequencing analysis was performed by the dideoxy-chain termination DNA sequencing method (Sanger el al. 1977 ) using the Sequenase sequencing kit version II (US Biochemical Corp., Cleveland, OH, USA). Sequencing data were analysed by using SDCGenetyx software (SDC Software Development Co . Tokyo. Japan). According to the results, several ohgonucleotides were synthesized and used as primers for the sequencing of the opposite (coding) strand of the insert DNA of pYG3O13
DNA sequencing analysis of the gpl alleles of slevwl-induced and spontaneous mutants of S.typhimurium TM677
Steviol-induced and spontaneous mutants of the gpl gene of S.typhimurium TM677 were obtained as described (Matsui et al., 1995) The mutants obtained were streaked onto Vogel-Bonner agar plates supplemented with glucose, proline and 8-AG to confirm the resistance to 8-AG. The chromosomal DNAs were isolated (Wilson, 1987) and used for polymerase chain reaction (PCR) plus DNA sequence analysis. The PCR was performed using two synthesized primers, i.e., 5'-TTAGCGCGTCAGGTCTC-3' (P-l) and 5'-TTATCATGCG-ATACCAGT-3' (P-2), which encompassed a 784 bp segment containing the gpl gene. When the X exonuclease method (Takagi et al., 1993) was employed to obtain single-stranded DNAs, the primer P-l was phosphorylated with polynucleotide kinase The PCR amplification was carried out using Gene Amp PCR reagent kit (Perkin Elmer Cetus, Norwalk, CT, USA) Briefly, chromosome DNA (100 ng), P-l and P-2 primers (0.1 nM), KC1 (50 mM), Tris-HCl buffer pH 8.3 (10 mM), MgCl 2 (1.5 mM), gelatin (0 001%), four deoxynucleoside tnphosphates (200 nM) and Taq DNA polymerase (0 5 U) were contained in a reaction mixture (100 |il). All samples were overlayed with mineral oil The reaction was initiated by heating for 5 min at 94°C, followed by 30 cycles of 45 s at 94°C, 1 min 45 s at 50°C and 3 mm at 72°C The final extension was performed by heating for 5 mm at 72°C and the samples were stored at 4°C. The PCR products were analysed by 19b agarose-gel electrophoresis followed by ethidium bromide staining to confirm the size of 784 bp Single-stranded DNAs were generated by treating the PCR products with X exonuclease followed by ethanol precipitation (Takagi el al.. 1993; Nohmi eiai, 1995) . The recovered single-stranded DNAs were annealed with several synthetic primers and DNA sequences were determined by the dideoxy-chain termination DNA sequencing method (Sanger et al., 1977) . For the rest of the mutants, amplified DNAs were directly sequenced using dyelerminator-cycle-sequencing kit using Taq DNA polymerase and an ABI 373A-36 DNA sequencer (Applied Biosystems Japan, Tokyo. Japan). The sequencing primers used were 5'-GCAGCCTCCTTGGATACTCAT-3' (P-a) and 5'-CCTTCGCCGTCGCCTTCTGC-3' (P-b new) or 5'-TTCAGCACTTT-CAGTTCGCG-3' (P-b old), which are inside of the position of the primers used for the PCR amplification.
Nuclcotide sequence accession number of the gpt gene of S.typhimurium
The nucleotide sequence data reported here will appear in the DDBJ. EMBL and GenBank nucleotide setjuence data bases under accession no. U28239.
Results
Cloning and sequencing of the gpt gene of S. typhimurium
Since the map position of gpt gene of S.typhimurium is close to that of proAB genes in the chromosome (Riley et al., 1984) . we initially screened the genes that could complement the proline autotrophy of S.typhimurium AB47 using the plasmidgene library of S.typhimurium TA1538. Of the plasmids isolated, we selected those that conferred sensitivity to 8-AG upon S.typhimurium AB47. The gpt gene of S.typhimurium is located in the 3.4 kb Pstl-Pstl DNA region of chromosome (Riley et al, 1984) . Thus, we further screened the plasmids that showed 3.4 kb DNA when digested with Pstl, and subcloned the 3.4 kb DNA fragment into pBR322 vector yielding plasmid pYG3012 ( Figure 1A ). Since the plasmid pYG3013, which carries the 1.2 kb Pstl-HincU DNA fragment of pYG3012, could confer sensitivity to 8-AG upon S.typhimurium AB47, we hypothesized that the coding region of gpt was located in the 1.2 kb DNA region and then determined the nucleotide sequence of the insert DNA of plasmid pYG3013. The nucleotide sequence of 1044 bp was determined (Figure 2) . The sequence contains an open reading frame (ORF) of 456 bp, which potentially encodes a protein of 152 amino acids with a calculated molecular weight of 16 969. The r.uclectide sequence of the ORF showed 87.1% similarity to the gpt gene of E.coli (Pratt et al., 1983; Richardson et al., 1983) . The similarity at the amino acid level between the two genes was 98.6%. The DNA sequence of the ORF was the same as that of the S.typhimurium GPT gene as reported by D.W.Bryant (accession no. X63336). Thus, we suggest that the ORF is the coding region of the gpt gene of S.typhimurium.
Mutational spectra in the gpt gene induced by metabolicallyactivated steviol
To characterize the DNA sequence changes induced by metabolically-activated steviol, 8-AG resistant colonies of S.typhimurium TM677 were generated with steviol (7.5 mg/ ml) with S9 mix. Under the conditions, the mutation frequency (91.6X10^*) was ~30 times higher than the spontaneous mutation frequency (3.2X10-4 ). Thus, most of the ST clones are induced mutants. The chromosome DNAs containing the gpt alleles of 24 steviol-induced (ST clones) and 16 spontaneous mutants (SP clones) were amplified by PCR and used for DNA sequencing analysis (Tables n, III and IV). In both ST and SP mutants, the base change mutations were dominant over frameshift mutations including deletions: ST clones, 20 versus four; SP clones, 16 versus two (Table IV) . The base change mutations occurred mainly at G:C pairs rather than at A:T pairs: ST clones, 15 versus five; SP clones, 12 versus four. Transversions were dominant over transitions: ST clones, 13 versus seven; SP clones, 12 versus four. The most marked difference found between ST and SP clones was that -40% of mutations of the ST clones (nine out of 24) were Table II identified in the defined region between nucleotides 280 and 330 from the starting codon ATG while no SP clones were identified in the region (Figure 3 ). This region was flanked by two direct-repeat DNA sequences of ACCGGCGG, which were nucleotides 277-284 and nucleotides 345-352 from the ATG codon. The mutations in the region included transitions (three clones), transversions (four clones), a deletion (one clone) and a duplication (one clone). One of these mutants, ST-16, had an 11 bp deletion from nucleotides 278 to 288 (CCGGCGGCACC), which overlapped the direct-repeat DNA sequence of ACCGGCGG ( Figure 3 and Table III) . Another mutant, ST-40, had a DNA duplication of -80 bp: the DNA sequence between nucleotides 173 and 249 was duplicated and the sequence between nucleotides 281 and 358 was missing. Interestingly, direct-repeat sequences of GTCG-ATACCG were present at nucleotides 163-172 and nucleotides 271-280, which seemed to be a junction of the 80 bp duplication. The direct-repeat sequence of GTCGATACCG from nucleotides 271 to 280 partly overlaps another directrepeat sequence of ACCGGCGG from nucleotides 277 to 284 in the gpt gene.
Discussion
In order to characterize the mutations induced by metabolicallyactivated steviol, we have amplified and sequenced the gpt alleles of induced (ST clones) and spontaneous mutants (SP clones) and compared the mutation spectra. The most marked difference found between SP and ST clones was that -40% of ST clones (nine out of 24) were localized in the region between nucleotides 280 and 330 from the starting codon ATG of the gpt gene while no SP clones were identified in the "ftble IV.
Clone no. Mutations found in the gpt gene Type of mutation (Table III) .
Of the ST mutations identified in the region, the deletion and the duplication seem to be related to the presence of directrepeat DNA sequences. As shown in Figure 3 , there are two direct-repeat DNA sequences in the gpt gene: one is GTCGATACCG in nucleotides 163-172 and 271-280 and another is ACCGGCGG in nucleotides 277-284 and nucleotides 345-352. The two direct-repeat sequences partly overlap from nucleotides 277 to 280 (ACCG). One of the mutants found in the region, ST-16, had an 11 bp deletion around nucleotide 280, i.e. nucleotides 278-288 (CCGGCGGCACC), which overlaps the direct-repeat DNA sequence of ACCGGCGG. Another mutant found in the region, ST-40, had a DNA duplication of ~80 bp, which seems to be generated by the misalignment of the direct-repeat DNA sequence of GTCGATACCG. It appears that the growing DNA end containing GTCGATACCG of nucleotides 271-280 misaligns the template DNA strand corresponding to nucleotides 163-172. After the DNA synthesis from 173 to 249, the generated DNA chain fully extends and resumes the DNA synthesis from nucleotide 359 (Figure 4) . DNA syntheses by polymerases do not proceed at constant rates but sometimes pause at defined regions along the DNA. It is proposed that 5'-GTGG-3' or 5'-CACC-3' sequences represent a pausing signal for the advancing DNA polymerase III of E.coli (Jankovic et al, 1990) , and in the vicinity of the GTGG or CACC sequences frameshifts and deletions are frequently recovered in S.typhimurium and E.coli (Hartman et al, 1986; Fix et al, 1987) . Mo et al. (1991) also suggested that a GTG motif causes pausing of the chain elongation by DNA polymerase HI of E.coli and stimulates the occurrence of misalignment and realignment. Thus, we suggest that, when metabolically-activated steviol is present, the DNA chain elongation pauses around nucleotide 280 of the gpt gene and the pausing causes the deletion (ST16) and the duplication (ST40) by stimulating the misalignment and realignment of nascent DNA strands. The two simplest ways to explain the effects of steviol are that the active metabolite(s) of steviol generated by S9 enzymes produces DNA adducts around nucleotide 280; decreasing the rate of DXA synthesis, or the active metabolite(s) interacts with DNA polymerase instead of DNA; sensitizing it to the possible pausing site. In mammalian cells, it is known that DNA polymerase a pauses at some defined regions and the pausing sites are hot spots for mutagenesis (Fry and Loeb, 1992) . Steviol induces mutations and chromosome aberrations in CHL cells in vitro when S9 mix is present (Matsui et al, 1995) . Thus, the metabolicallyactivated steviol might also cause pausing of the DNA synthesis by mammalian DNA polymerases, thereby increasing the genotoxicity in mammalian cells.
Steviol requires the presence of plasmid pKMlOl for mutagenesis in the gpt gene of S.typhimurium TM677 (Matsui et al, 1995) . The plasmid pKMlOl carries the mucAB genes, which are involved in error-prone DNA synthesis in E.coli and S.typhimurium (Walker, 1984) . The mutation spectrum of spontaneous lad mutants in the presence of pKMlOl resembles that obtained in E.coli deficient in DNA polymerase I activity (Gordon et al, 1993) . The absence of DNA polymerase I increases the incidence of misalignment of the neighboring homologous sequences (Jankovic et al, 1990) . Thus, the presence of pKM 101 could increase the occurrence of misalignment and realignment around nucleotide 280 in the gpt gene of S.typhimurium TM677. It is supposed that the products of mucAB interact with DNA polymerase and modify its processivity (Battista et al, 1988) . It might be possible that the metabolites of steviol interact with the products oimucAB, and indirectly sensitize the DNA polymerase to the pausing sites.
Mismatch correction is deeply involved in post-replication DNA repair (Modrich, 1991) . If the mismatch repair system is impaired, the spontaneous mutation frequency increases 100-1000-fold. In E.coli and S.typhimurium, a long-patch mismatch repair is directed by DNA methylation: the adenine residue of the GATC sequence of template DNA strands is methylated so that mismatch repair enzymes correct mispaired bases in the non-methylated newly synthesized DXA strand. The time-difference between DNA synthesis and methylation of GATC sites in newly synthesized DNA strands is usually small. Thus, it is likely that the mismatch correction will be ineffective in newly synthesized DNA adjacent to the pausing sites (Ruiz-Rubio and Bridges, 1987) . Newly synthesized DNA adjacent to the pausing site will have been methylated by the time DNA polymerase gets through the pausing site, thus preventing mismatch correction. As a consequence, a region In ST clones, transitions (three clones) and transversions (four clones) were found in the downstream region of the putative pausing site, i.e. nucleotides 280-330, in the gpt gene of S.typhimurium TM677. Thus, we suggest that the pausing of DNA synthesis induced by metabolically-activated steviol decreases the ability of mismatch correction, thereby stimulating the untargeted mutagenesis in the region of nucleotides 280-330 in the gpt gene. The putative methylation site of GATC for mismatch correction is present in nucleotides 265-268 in the gpt gene.
In summary, we have sequenced the gpt allels of mutants induced by metabolically-activated steviol (ST clones) and spontaneous mutants (SP clones) of S.typhimurium TM677. The most marked difference found between SP clones and ST clones was that ~40% of the ST clones (nine out of 24) were localized in the defined region between nucleotides 280 and 330 from the starting codon ATG of the gpt gene while no SP clones were identified in the region (Figure 3) . We postulated that the active metabohte(s) of steviol cause pausing of DNA synthesis around nucleotide 280, thereby stimulating deletion, duplication and untargeted mutagenesis in the region downstream of the pausing site. It would be interesting to examine The growing DNA chain pauses at around nucleotide 280 when metabolically-activated steviol is present. The new DNA synthesized adjacent to the interrupted region will have been methylated before bypass occurs, so avoiding mismatch correction. As a consequence, the synthesis of DNA beyond the bypass would contain a high proportion of uncorrected errors (untargeted mutagenesis).
whether a similar mechanism operates in CHL cells in vitro, in which steviol induces mutations and chromosome aberrations when S9 mix is present.
